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ABSTRACT
There are only a handful of known star clusters in the LMC that are genuinely old, i.e. of
similar age to the globular star clusters in the Milky Way. We report the rst results of a color-
magnitude diagram survey of 25 candidate old LMC clusters, which were uncovered by means of
integrated UBV photometry and CaII triplet spectroscopy during previous investigations. The
photometry was carried out with the Washington system C; T1 lters on the Cerro Tololo 0.9m
telescope. For almost all of the sample, it was possible to reach the turno region, and in
many clusters we have several magnitudes of the main sequence. The eciency and ecacy of
the technique are demonstrated by our deep CMD for ESO 121-SC03 (used as a control and
calibrator), which clearly shows a magnitude of main sequence for this  9 Gyr old object in
a total of < 1 hour of integration time. Age estimates based on the magnitude dierence T1
between the giant branch clump and the turno, calibrated using standard clusters, revealed
that no new old clusters were found. The candidates turned out to be of intermediate age (1-
3 Gyr) (we cannot rule out old ages for NGC 1928 and NGC 1939 since the turno was not
reached for these compact clusters in crowded bar elds). We show that the apparently old ages
as inferred from integrated UBV colors can be explained by a combination of stochastic eects
produced by bright stars and by photometric errors for faint clusters lying in crowded elds.
The relatively metal poor ([Fe=H]  −1:0) candidates from the CaII triplet spectroscopy also
turned out to be of intermediate age. This, combined with the fact that they lie far out in
the disk, yields interesting constraints regarding the formation and evolution of the LMC disk.
We also study the age distribution of intermediate age and old clusters considering not only
the present T1 parameter, but also V and R measured in CMDs from the literature. This
homogeneous set of accurate relative ages allows us to make an improved study of the history
of cluster formation/destruction for ages > 1 Gyr. We conrm previous indications that there
was apparently no cluster formation in the LMC during the period from 3-8 Gyr ago, and that
there was a pronounced epoch of cluster formation beginning 3 Gyrs ago that peaked at about




Globular cluster systems are tracers of the oldest stellar populations in galaxies, and the determination
of their number and the study of their properties are fundamental to understanding the formation and
evolutionary processes in galaxies. The largest globular cluster systems occur in giant ellipticals, often with
populations exceeding 103 clusters (see Harris 1991 for a review). Battistini et al. (1993) estimated a best
sample of 341 globular clusters and candidates in M 31. Webbink (1985) compiled a list of 154 globulars
in our own Galaxy; however, subsequent observations have revealed that several of these are background
galaxies, planetary nebula in rich elds or open clusters (e.g. Djorgovski et al. 1990, Bica et al. 1995) while
some new members have been added, including Lynga 7 (Ortolani et al. 1993), Pyxis (Da Costa 1995, Irwin
et al. 1995, Sarajedini & Geisler 1996) and IC 1257 (Harris et al. 1997).
As reviewed by Suntze et al. (1992), the Large Magellanic Cloud has eight bonade old clusters (here
taken to mean similar in age to globular clusters in the Galaxy), including NGC 1466, 1786, 1835, 1841, 2210,
2257, Hodge 11 and Reticulum, conrmed by means of deep color-magnitude diagrams (CMDs) and/or the
presence of RR-Lyrae stars. Five other clusters (NGC 1754, 1898, 1916, 2005 and 2019) have long been
suspected of being old on the basis of crude CMDs, integrated properties and/or metallicity estimates (e.g.
Hodge 1960, Olszewski et al. 1991) but require high quality CMDs for a denitive diagnosis, since they are
compact and/or embedded in dense elds. Such CMD investigations using HST are currently underway.
LMC clusters with ages determined from CMDs show a pronounced gap between a large number of
intermediate age clusters (age  1 − 3 Gyr, hereafter IACs) and the classical globular clusters, with ages
> 12 Gyr (Olszewski et al. 1991), with the sole exception of ESO 121-SC03 with an age of  9 Gyr (Mateo
et al. 1986). As emphasized by Da Costa (1991), this prevents us from using the known clusters to tell us
any details about the chemical evolution of the LMC over most of its history, despite our ability to determine
accurate ages and metallicities for them (Olszewski et al. 1991). Finding even a single additional cluster in
this age gap, or more bonade old GCs, would signicantly enhance our knowledge of the chemical evolution
of this important galaxy. Other fundamental questions to be addressed by this study are: (i) Is the present
known sample of old clusters complete? A comparison of the luminosity function for old globular clusters
in the Galaxy and LMC suggests that the LMC may be harboring several faint old clusters previously
unrecognized (Suntze et al. 1992); and (ii) Have less massive old clusters formed and dynamically survived
in the LMC, similar to the Palomar globular clusters in the Galaxy? In order to assess these issues we have
undertaken a systematic CMD survey of old globular cluster candidates which have been recently published.
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Several studies have uncovered a number of interesting old cluster candidates. Our primary source of
candidates was the catalog of integrated UBV photometry for 624 star clusters and associations in the LMC
by Bica et al. (1996). They derived equivalent SWB types (Searle et al. 1980) for these clusters from their
location in the (U-B) vs. (B-V) diagram. The SWB sequence is related primarily to age (e.g. Elson & Fall
1985, Chiosi et al. 1988). In particular, the SWB type VII clusters are known to be comparable to the
Galactic GCs in age and abundance. There are 37 clusters in the Bica et al. sample that fall in the SWB
type VII domain, 22 of which had no previous CMD available or were not scheduled for observation with
the HST at the time of our observing run. However, it is known that such integrated data is not foolproof in
isolating clusters older than 3 Gyr (Chiosi et al. 1988), so that CMDs are required for a denitive diagnosis
(Bica et al. 1996).
A second source of candidates are 4 clusters (3 of them observed in the present work) from Olszewski
et al. (1991) which have metallicities −1:2 <[Fe/H]< −0:8 but have no further information regarding their
age, including SWB type. The age-metallicity relation derived by Olszewski et al. for a large number of
LMC clusters suggests that any cluster with such a relatively low metallicity is an excellent candidate for
type VII membership. For example, the lowest abundance for an IAC is  −0:7, while ESO 121-SC03 has
a metallicity of −0:9. Thus, these 4 candidates are about as likely as the above sample to provide genuine
old clusters.
In Section 2 we present the observations and reduction procedure. In Section 3 we determine ages based
on the magnitude dierence between the giant branch clump and the main sequence turno. We also discuss
the impact of the new clusters on our knowledge of the age distribution of LMC clusters. In Section 4 we
study stochastic eects of the number of bright stars on the integrated colors, as well as the influence of
photometric errors, in particular for less massive clusters. In Section 5 we discuss new insights into the
chemical enrichment of the LMC aorded by our results. Section 6 presents concluding remarks.
2. Observations and Reductions
Twenty three candidate old LMC clusters from Bica et al. (1996) and Olszewski et al. (1991) were
observed with the CTIO 0.9m telescope in December, 1996 with the Tek2k #3 CCD. We also observed
ESO121-SC03 as a reference cluster in order to test how deep this instrumental conguration would reach,
and as an age calibrator. The scale on the chip is 0:4000 per pixel, and consequently the area covered by a
frame (20482 pixels) is about 13:60  13:60. Two additional Bica et al. clusters (NGC2153 and SL769) were
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observed with the CTIO 4m in February, 1996 with the Tek2k #4 CCD, with similar pixel and areal coverage.
For both observing runs, we obtained data in the Washington (Canterna 1976) C and Kron-Cousins R lters.
Geisler (1996) has shown that the latter is a more ecient substitute for the standard Washington T1 lter,
and we used his prescription for a new C lter which is both more ecient and also has a much smaller color
term than previous C lters. We elected to use the Washington system because of its combination of broad
bands, and high metallicity sensitivity provided by the C lter and the wide color baseline between C and
T1. These data, in addition to providing us with age determinations, will also allow us to derive accurate
metal abundances based on the standard giant branch technique outlined in Geisler and Sarajedini (1996;
1997), and will be the subject of another paper in this series.
We obtained generally a single 15 minute T1 (R) exposure and a 45 minute C exposure per cluster.
Thus, only an hour of total integration time with an 0.9m telescope was spent on each cluster. The observed
clusters are listed in Table 1, together with their integrated V magnitudes (Bica et al. 1996) and their
metallicities (Olszewski et al. 1991), when available. In addition to the clusters in the Table, we also
observed IC 2134 (SL 437, LW 198) and SL769 which will be discussed in detail elsewhere, due to apparently
composite stellar populations in the CMD. Figure 1 shows the T1 frame of the SL555 eld, which is typical
of the magnitude of the cluster sample and the crowding of the eld, although our sample includes large
ranges in both of these quantities.
The data were reduced with the stand-alone version of the DAOPHOT II program (Stetson 1987) after
standard trimming, bias subtraction and flat-elding. A quadratically varying PSF yielded aperture correc-
tions which were essentially constant with position. The standard FIND-PHOT-ALLSTAR procedure was
performed 3 times on each frame, with typically 30000 objects being measured. Mean aperture corrections
were generally determined to only 0.01 mag (rms) in both lters in all but the most crowded frames.
In order to standardize our photometry, standard stars from the lists of Harris and Canterna (1979)
and Geisler (1996) were observed at the beginning, middle and end of each night. A mean of 31 standards
was observed per night. Although the air mass range of the standards was rather small, it did encompass
the range in which our program clusters was observed. Transformation equations of the form:
c = C + a1 + a2  (C − T1) + a3 Xc; (1)
t1 = T1 + b1 + b2  (C − T1) + b3 XT1 (2)
were used, where c and t1 refer to instrumental magnitudes (corrected to 1s integration using a zero point
of 25.0 mag), C, T1 and (C − T1) are standard values, and the appropriate air masses are given by X. We
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rst solved for all three transformation coecients simultaneously (using the PHOTCAL package in IRAF
3) for each night and found mean color terms of −0:073 0:003() in c and −0:012 0:002 in t1 for the 5
nights. Note that the c color term in the revised C, T1 system (Geisler 1996) is 2-3 times lower than typical
values obtained with previous C lters, as designed. We then substituted these mean color terms into the
above equations and solved for the remaining two coecients for each night simultaneously. Typical values
were 2.2 and 1.8 for the c and t1 zero points, and 0.45 and 0.3 for the c and t1 airmass coecients. The
nightly rms errors from the transformation to the standard system ranged from 0.018 to 0.024 in c and 0.010
to 0.020 in t1, with means of 0.021 and 0.014, indicating the nights were all of excellent photometric quality.
We then applied these transformation equations to the results of the nal ALLSTAR run after rst
applying the appropriate aperture correction. The photometry for the individual clusters will be presented
in subsequent papers. It is currently available from the rst author upon request.
Our CMD for ESO121-SC03 is shown in Figure 2. This object was included in our sample because
it is the unique cluster within the age gap between the IACs and classical old globulars in the LMC, as
found by Mateo et al. (1986), and thus serves as a test of how well our technique works. Clearly, we have
reached to about a magnitude below the main sequence turno in this  9 Gyr cluster and we can therefore
be condent that our technique should easily be able to distinguish IACs and older clusters for all but the
most crowded elds. Indeed, our CMD is very comparable to that of Mateo et al. obtained with the CTIO
4m but with a less sensitive chip. The horizontal branch is very clearly dened as is the turno. Note
that an equal-area eld contains typically only 14 stars, which lie either at very red colors or near the main
sequence. A statistical subtraction of these objects from the cluster CMD would not signicantly change its
appearance or the parameters we derive.
3. Ages
The magnitude dierence () between the giant branch clump in intermediate age clusters (the horizontal
branch in old clusters) and the main sequence turno is well correlated with age (e.g. Phelps et al. 1994
and references therein). Phelps et al. 1994 and Janes & Phelps (1994) have studied a large sample of
3IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the As-
sociation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation
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intermediate age Galactic open clusters with BV CMDs. They concluded that this magnitude dierence (as
well as the color dierence of these features) provides very accurate relative ages, especially for IACs, since
it is independent of reddening and distance modulus. The dierence is virtually independent of absolute
calibrations, and avoids isochrone tting which can be very model dependent for IACs.
Most of the available CMDs of LMC clusters are V vs:(B − V ), with some Rvs:(B − R) as well. We
list in Table 2 all LMC IACs with CMDs reaching the main sequence turno, which are not expected to
be seriously aected by eld contamination. We also include some blue clusters (SWB III) and known old
clusters (SWB VII) for comparison purposes. Available integrated V magnitudes and equivalent SWB types
are from Bica et al. (1996), and metallicities from Olszewski et al. (1991). We measured V and R for the
literature CMDs together with the turno magnitudes, and present them in Table 2 as well. Typical errors
in these measurements are 0.15-0.25mag. For the present cluster sample, we measured T1 values which
are presented in Table 1. Note that this should be within  0:02 mags of R given the similarity of the two
lters (Geisler 1996). Typical errors are as above. The clusters NGC 1928 and NGC 1939 are so compact
and embedded in such dense bar elds that the photometry is not as deep as for the rest of the sample, and
we do not detect the main sequence. Thus, we cannot infer their ages from the present data. Two other
clusters, SL 244 and SL 359, are located in dense LMC disk elds, so that the CMDs are very contaminated,
and the  T1 values (and derived ages) should be taken as lower limits (Table 1).
We then tested the similarity of the V and R (or T1) parameters for the clusters which have ob-
servations in both lters. One LMC cluster in the literature, NGC 2213, has been observed in both R and
T1: the value  R = 1:3 (Table 2) is essentially the same, within the uncertainties, as the  T1 = 1:2 that we
measured in the CMD of Geisler (1987). In addition to the V vs R values shown in Fig. 3, we included in
the comparison two clusters (SL 842 and ESO 121-SC03) which have V (Table 2) and  T1 from the present
data (Table 1). Finally, genuine old clusters in the LMC have only been observed in BV (Table 2); in order
to test old clusters in Fig. 3 we compared the average of the latter values (< V > = 3.40.1) with the
average < R > = 3.30.2 of the Galactic globular cluster Pyxis (from Da Costa 1995, Irwin et al. 1995
and Sarajedini & Geisler 1996). Some additional points in Figure 3 were measured from CMDs of Galactic
open clusters, for which V and CMD references are: Tombaugh 2 (1.4, Kubiak et al. 1992), M 67 (2.2,
Montgomery et al. 1993), NGC 1245 (0.4, Carraro & Patat 1994) and NGC 6791 (2.9, Montgomery et al.
1994). For the same clusters T1 and references are given in the discussion of Figure 5 below. A good
correlation is observed in Fig. 3. In fact, a linear least-squares t gives
R = T1 = 0:15 + 0:99 V (3)
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with correlation coecient of r = 0:993.
We show in Fig. 4  V as a function of the V turno magnitude, where a good relation is seen. Since the
turno magnitude is an excellent age indicator, so are also  V ,  R and T1. SWB types are also indicated in
the Figure. For the range 0:3 <  V < 1:2 the relation is bivalued, and it might be used as an age estimator
only when combined with additional information, e. g. integrated color. It is worth noting that the relation
presents a minimum for SWB IVA.
3.1. Ages From T1
For the clusters in our sample, we rst derive an age calibration based on clusters which have T1 values
available, as well as accurate ages. There are 6 such clusters: NGC 2213 (T1=1.2 mag, age = 1.5 Gyr,
Geisler 1987) and ESO121-SC03 (3.0 mag - this paper, 9 Gyr - Mateo et al. 1986) in the LMC, and the
Galactic open clusters NGC 1245 (0.5 mag, 1 Gyr - Wee and Lee 1996), Tombaugh 2 (1.5 mag, 2 Gyr - Wee,
Lee and Geisler 1996), M67 (2.4 mag - Geisler and Sarajedini 1997, 4 Gyr - Dinescu et al. 1995) and NGC
6791 (3.2 mag - Geisler and Sarajedini 1997, 10 Gyr - Tripicco et al. 1995). Figure 5 plots these points
together with a least-squares t which was obtained by means of the IRAF routine Fitparam. The resulting
equation is
age (Gyr) = 0.23 + 2.31T1 − 1:80 T 21 + 0:645 T
3
1 (4),
with an uncertainty of  0:4 Gyr over the age range of IACs. We note that a relation of the form: age
/ 10(aT1+bT
2
1 ), as used by Janes and Phelps, did not t the data as well as this relation. We then applied
equation 4 to our program sample and the results are given in column 5 of Table 1.
Our intriguing result is that all the old cluster candidates where we could determine T1 turned out to
be IACs, with ages between  1− 3 Gyr. Figures 6 and 7 show two of our CMDs, including one cluster (H7,
1.4 Gyr) in the middle of the age range of our sample and a cluster amongst the oldest in our sample (SL388,
2.6 Gyr). The increasing dierence between the clump and the turno is obvious, but even in SL388 this
dierence is still 1 mag less than that in ESO121-SC03. In Section 4 we discuss several likely explanations
for why the candidates from the UBV integrated photometry turned out not to be old clusters. As for the
three candidates from the Olszewski et al. (1991) sample, selected because of their relatively low metallicities
([Fe/H]-1.0), they too turned out to be IACs. These will be discussed further in Section 5.
Two of the integrated UBV candidates for old clusters have not been observed in the present study.
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SL 354 (LW 177) has a preliminary BV CMD (Olszewski 1988) indicating intermediate age (Table 2).
NGC 1997 (SL 520, LW 226) does not have a published CMD but the high metallicity from the CaII spec-
troscopy (Olszewski et al. 1991) also points to an intermediate age.
3.2. Ages For the Combined Sample
Using equation (3) it is possible to transform V into equivalent T1 values, and by means of the age
calibration for T1 (equation (4)), to estimate homogeneous relative ages for the literature sample of CMDs
in Table 2. For the sample of CMDs involving the R band, R values are used directly in equation (4), due to
the equivalence with T1. The resulting ages are provided in column 11 of Table 2. For comparison purposes
we also give in Table 2 (column 10) the age values derived in the original CMD source papers. The overall
agreement is good. However, since in the CMD sources dierent sets of isochrones and dierent tting criteria
were used, the magnitude dierence () between clump/HB and turno method is more homogeneous, and
consequently the relative ages in the present study are expected to be more precise.
We show in Figure 8 the age histograms for the IACs and old clusters (including ESO121-SC03) from
both Tables 1 and 2 using the presently derived ages. Notice that the age scale is linear and the bins are
0.2 and 1 Gyr for IACs and old clusters, respectively. This Figure synthesizes all age information that can
be derived from CMDs available in the literature for LMC clusters attaining the main sequence turno,
in conjunction with the present sample. We are possibly witnessing the structure of the 1-3 Gyr cluster
forming epoch, assuming that cluster disruption eects (Wielen 1988) are negligible. In such a case, the
IAC distribution in Figure 8 would suggest that a burst of star formation occurred, with onset at  3 Gyr
and a peak at  1:6 Gyr. We cannot apply the present age calibration for ages < 1 Gyr and consequently
incompleteness may aect the distribution at  1 Gyr. Alternatively, assuming a constant star formation
rate of 10 clusters per 200 Myr (peak of the distribution), the IAC distribution between 1.5 and 3 Gyr would
imply a cluster disruption rate of 77% per Gyr.
Our results conrm previous ndings (e.g. Da Costa 1991) that the LMC apparently did not form
clusters between 3{8 Gyrs ago, a period covering more than 1=3 of its lifetime, and that it only formed a
single (surviving) cluster between 3 Gyrs and the epoch of formation of the classical globular clusters. We
have also found additional evidence that the onset of IAC formation ocurred at 3 Gyr. These results are also
in very good agreement with studies of the star formation history of the LMC eld, which nd an intense
star formation event ocurred  2 − 3 Gyrs ago, with little star formation before that time (Butcher 1977,
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Gallagher et al. 1996, Elson et al. 1997). This argues against the possibility that the lack of older clusters
is due to disruption.
The sample of old clusters is too small for a discussion of the distribution. However, it is worth noting
that the  method detects signicant age dierences between ESO121-SC03 and the older clusters. Also note
that we have extrapolated our calibration to derive ages for these clusters so their ages are more uncertain.
4. Stochastic Eects on Integrated Colors
The brightest LMC clusters (10 < V < 12:5) were used by Searle et al. (1980) to dene the SWB
zones in a color-color diagram based on the Gunn system. Bica et al. (1992) have transposed this (mostly
age) sequence to the integrated (U-B) vs (B-V) diagram, creating borderlines which encompassed the known
SWB clusters. Bica et al. (1996) determined equivalent SWB types for a large sample, including clusters
fainter than V=14. Since the number of stars in dierent evolutionary stages in the CMDs are subject to
stochastic eects, fluctuations in integrated colors are expected, and should become increasingly important for
fainter clusters as the number of bright stars decreases and the relative importance of statistical fluctuations
increases.
Stochastic eects on optical colors have been previously studied by King (1966), Barbaro & Bertelli
(1977), Chiosi et al. (1988), Girardi & Bica (1993) and Girardi et al. (1995). In Girardi & Bica (1993)
special attention was devoted to red supergiants, which produce large color dispersions for SWB I clusters.
More recently Santos & Frogel (1997) have studied such eects in optical and infrared integrated colors, and
found that signicant color dispersions in JHK arise at dierent ages due to AGB and red supergiant stars
even for massive clusters.
In the present study we carried out experiments on integrated UBV color fluctuations due to Poissonian
noise in the number of bright stars in dierent parts of the CMD of individual clusters. We tested stars
in the cluster turno, clump and giant branch (GB) tip, and eld (LMC disk) bright main sequence (MS)
stars. The experiments indicated that GB tip and bright eld MS stars are the relevant ones to explain
the suspected integrated color shifts. We adopted typical stellar magnitudes and colors as observed in BV
CMDs of the SWB VI clusters like NGC 1978 (Bomans et al. 1995): V = 16.8, (B-V) = 1.70 for a GB tip
star, and V = 16.8, (B-V) = -0.10 for an MS star. Since CMDs involving the U color are not available for
such LMC clusters, we adopted solar neighborhood (U-B) values from Gunn & Stryker (1983) and reddened
them according to the LMC foreground reddening E(B-V) = 0.06 (Mould & Aaronson, 1980), resulting in
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(U-B) = 2.00 for a GB tip star (M1/M2 III), and (U-B) = -0.45 (B5 V) for a eld MS star.
The results are shown in Fig. 9. Clusters like SL 842 and SL 8 are outlying and faint, with V 14.0.
Their elds are not signicantly disturbed by bright MS stars, but their integrated colors can be shifted from
their observed positions as type VII clusters to the type VI domain by simply adding 4-5 upper GB stars to
their relatively underpopulated CMDs. H 7, a brighter cluster (V = 12.2), lies in a more central eld, where
the contribution of LMC disk stars is signicant. The arrows in Fig. 9 show the eects of subtracting 3 GB
and adding 3 MS stars. A combination of such stars and/or Galactic foreground stars of suitable magnitude
and colors might explain the observed cluster locus. Finally, we show the eect of subtracting two eld
MS stars from the massive cluster NGC 1978. The shift is only moderate despite the large color dierences
between the cluster and these blue stars. The eects of adding 4 upper GB stars is only to redden both
colors by 0.01 mag.
Thus, it appears reasonable from these experiments that faint, apparently old clusters lying in the lower
right region of the type VII domain could actually be SWB type VI IACs with a relatively small number of
giants, or similarly that an apparent VII in the upper left domain is actually a type IV IAC with a relatively
large number of bright giants.
Fluctuations also appear to occur in the opposite sense, as discussed by Bica et al. (1996): the giant
branch of the old, faint cluster Reticulum is so sparsely populated that it is located in the SWB V region,
despite having an age indistinguishable from that of M3 (Walker 1992a). Since Reticulum is a metal poor
globular cluster (Gratton & Ortolani 1987a, Walker 1992a), the bright giant used for the experiment must
be accordingly metal poor. We used V=17.5, (B-V)=1.02, (U-B)=0.57 (Gratton & Ortolani 1987a; Eggen
1972). Thus in Figure 9 the R arrow associated with Reticulum corresponds to a dierent star from that used
for the IACs. Reticulum is far out in the LMC where the LMC disk main sequence is absent. Some bright
yellow stars (probably Galactic eld) are however present in that CMD. We also include in our experiments
(Y in Figure 9) this type of star, adopting V=16.7, (B-V)=0.65 and (U-B)=0.27. The (U-B) value is from
a Galactic G5 V star from Gunn & Stryker (1983), reddened to the LMC extinction. The experiments in
Figure 9 show that, in combination with photometric errors, Reticulum’s integrated colors might move to
the SWB VII zone.
In the present work we have carried out an approach concerning the influence of a few bright stars
on the integrated light of IACs. Specically, we are not computing a standard deviation from the mean
integrated color but we are simply adding or subtracting the flux produced by selected star types from the
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cluster observed integrated color. Consequently, in comparison with the statistical analysis in Girardi et al.
(1995), who studied cluster color dispersions, we are studying the color eects produced by stars in the tail
of the Gaussian distribution, which lead to larger color fluctuations. The variable observed number of bright
giants in clusters of similar age and mass shows the importance of the present approach. We also took into
account bright eld stars, especially those diering signicantly in color with respect to the cluster mean
color.
In addition to stochastic fluctuations, photometric errors also likely contribute to the presence of IACs
in the type VII area. We show in Figure 9 total photometric error bars for bright and faint clusters from
Bica et al. 1996. Observational errors will be particularly large for fainter clusters in more crowded regions.
5. Discussion
In the most recent discussion of the chemical evolution of LMC clusters, Olszewski et al. (1991) used
metallicities from the Ca II triplet and ages from the literature obtained from CMDs. Although their metal-
licities were on a uniform scale, the ages were from a variety of studies and are not homogeneous. In the
present paper, although no new genuine old clusters were detected, we have increased the number of IACs
with CMDs and accurate ages by 50%, and also derived homogeneous relative ages for all LMC clusters
with reliable CMDs. We can thus address the question of the chemical evolution of LMC clusters using an
improved dataset.
We show in Figure 10 the resulting chemical evolution of the LMC for the IACs and old clusters. The
spatial distribution of these clusters is shown in Figure 11. The three new clusters (OHSC33, SL126 and
OHSC37) from the CaII spectroscopy with metallicities [Fe/H] −1:0 (Table 1) have ages in the range 1-3
Gyr. They fall below (i.e. at lower metallicities than) the bulk of IACs in the cluster age-metallicity relation,
suggesting that their parent gas clouds have not shared the same enrichment as that for the IACs located in
the upper-left region of Figure 10. Note that the metallicity of the old cluster ESO121SC03 is also  −1:0,
which conrms that the LMC has not undergone important star formation processes during the period from
3{9 Gyrs ago, and consequently also not experienced signicant chemical enrichment.
The IAC sample with −1:2 <[Fe/H]< 0:0 is separated into two metallicity groups in Figure 10. Their
spatial distribution in Figure 11 is well-mixed, suggesting no signicant metallicity gradient for the disk, as
also found by Olszewski et al. (1991). Nevertheless, it is necessary to know the dynamics of the clusters in
order to investigate whether there exists any similarity between the present abundance distribution in the
{ 13 {
disk and the so-called paleodistributions, namely, the distribution in metallicity of the gas out of which the
clusters were generated. Note that the LMC IACs’ metallicity range is twice as large as that of Galactic
open clusters. The former were mostly born during an  2 Gyr period, while the formation of the Galactic
open cluster system took at least 6-8 Gyr (see Fig. 3 of Piatti et al. 1995). This fact suggests that the
LMC has suered more violent star formation processes than those that occurred during the formation of
the Galactic disk. Some IACs have been born in regions whose chemical enrichment ocurred on a shorter
time scale than those for other parts of the LMC disk. On the other hand, the fact that there exist IACs
with dierent metal contents within the same spatial region (see Figure 11) suggests that parts of the LMC
were not chemically well-mixed, or that the progenitor gas clouds of diering metallicity that originated in
dierent regions have subsequently been brought together by large random motions.
6. Concluding remarks
We have obtained CMDs from Washington C; T1 photometry for 25 candidate old clusters in the LMC
and determined ages from the T1 magnitude dierence () between the giant branch clump and the main
sequence turno for 23 of these. The calibration of age vs. (T1) was obtained using LMC and Galactic
clusters with well-determined parameters. Our technique is capable of detecting the main sequence of a
10 Gyr old cluster in an uncrowded eld with the 0.9m CTIO telescope, as demonstrated by the present
photometry of the \standard" cluster ESO121-SC03.
The candidates turned out to be of intermediate age (1{3 Gyr), although we cannot rule out old age
for NGC 1928 and NGC 1939, which are compact and are located in crowded bar elds. The reason why
integrated photometry can confuse intermediate age clusters with genuine old ones can be understood by
stochastic eects produced by bright cluster giants and bright eld main sequence stars for clusters fainter
than V13.5, and by photometric errors for faint clusters in crowded elds.
The present study constitutes a signicant increase in the sample of intermediate age clusters in the
LMC with CMDs. The determination of relative ages allows one to obtain accurate information on the LMC
history of cluster formation/disruption for ages > 1 Gyr. Our results conrm that the LMC apparently did
not form clusters between 3{8 Gyrs ago, and that it only formed a single (surviving) cluster between 3 Gyrs
and the epoch of formation of the classical globular clusters. We have also found additional evidence that
the onset of IAC formation ocurred at 3 Gyr.
The relatively metal poor ([Fe/H] −1:0) candidates from the CaII triplet spectroscopy also turned out
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to be of intermediate age. They occupy a locus below that of the bulk of the intermediate age clusters in
the LMC age-metallicity relation of Olszewski et al. (1991). These clusters (SL 126, OHSC 33, OHSC 37)
are outlyers in the LMC disk, suggesting that part of the parent gas clouds in these regions have not shared
the same chemical enrichment as that in the inner regions, or that the outer gas clouds were not chemically
well-mixed. This result points to new interesting scenarios to be explored for formation and evolution models
of the LMC. We will readdress the issue of metallicities in our program clusters in a future paper.
In addition to the eight LMC clusters already established as old by means of deep CMDs and the presence
of RR Lyraes, NGC 1939 and NGC 1928 are still candidates together with NGC 1754, NGC 1898, NGC 1916,
NGC 2005 and NGC 2019. High spatial resolution photometry, e.g. with Hubble Space Telescope, is necessary
for a denitive diagnosis of these clusters and indeed such studies are underway. Our investigation of the
possible missing faint old clusters has yielded no new members. It is however possible that such clusters
do exist but have not yet been identied. For example, Wielen (1988), using the results of Mateo (1988b),
argues that a typical dissolution time is  2 Gyr for a cluster in the outer LMC with an initial mass of
500M and a core radius of 1 pc. Thus, among the large number of faint unstudied clusters, several clusters
older than  3 Gyr may exist. Our technique of obtaining the CMD directly is quite ecient for searching for
such clusters, requiring only an hour of time on an 0.9m telescope per cluster, and no followup observations
are required, at least for clusters not severely aected by crowding.
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Figure Captions
Fig. 1.| The T1 (R) frame for the eld of SL555. This is from a 15 minute exposure with the CTIO 0.9m
telescope. The eld is 13:60 on a side. About 33,000 objects were photometered on this frame.
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Fig. 2.| Washington T1 vs. (C−T1) CMD for ESO121-SC03 from a total exposure time of 55 minutes with
the CTIO 0.9m. All objects within 200 pixels of the cluster center are shown. An equal-area adjacent eld
contains typically only 14 objects. The magnitude dierence between HB and turno is T1 = 3:0 (Section
3).
Fig. 3.| Comparison of the magnitude dierence () between clump/HB and turno in dierent lters:
circles are R vs. V, triangles are T1 vs. V, X is R (Pyxis) vs. V (LMC old clusters). Typical error bars
are shown. As reference, we show the line of equal values for the axes (solid line). We show also a linear t
(dashed line).
Fig. 4.| V vs. turno V magnitude. Dierent SWB types are indicated, when available. Triangles
represent SWB VII clusters from Bica et al. (1996) which we nd to be IACs.
Fig. 5.| Age calibration of the T1 index, i.e. the mag. dierence in T1 between the clump/HB and the
turno, derived from LMC and Galactic clusters with good main sequence photometry and accurate ages.
The curve is a 3rd order t.
Fig. 6.| CMD for H7, a cluster in the middle of the age range of our sample. Note that T1 = 1:1. All
objects within 100 pixels of the cluster center have been included. An equal-area adjacent eld typically has
only about 1/3 as many stars, concentrated to the main sequence.
Fig. 7.| CMD for SL388, a cluster among the oldest IACs in our sample. Note that T1 = 1:9. All objects
within 75 pixels of the cluster center have been included. An equal-area adjacent eld typically has only
about 1/10 as many stars, concentrated to the main sequence.
Fig. 8.| Age histograms for the IACs (upper panel) and old clusters (lower panel) from Tables 1 and 2.
Filled bins in the upper panel refer to clusters with previous CMDs in the literature, while the results from
our photometry are shown as the open bins.
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Fig. 9.| Enlargement of Figure 2a from Bica et al. (1996), showing the integrated (U-B) vs. (B-V) diagram
for LMC clusters (dots), except: (i) ducial old clusters (lled squares), (ii) candidate old clusters not studied
in the present sample (asterisks), (iii) candidates from the present sample (open squares). Arrows leading
from some of these clusters show the eects of possible fluctuations produced by small changes in the number
of bright stars. R represents the addition (or subtraction) of upper giant branch stars; B eld main sequence
stars; Y yellow bright stars (probably Galactic eld stars). The error bars show total photometric errors for
our program clusters. Both of these eects together can account for the presence of IACs in the type VII
domain.
Fig. 10.| Chemical evolution of the LMC for IACs (triangles) and old clusters (circles). The more metal
poor IACs are indicated by lled triangles, and the candidates from Olszewski et al. are labelled.
Fig. 11.| Spatial distribution of clusters which have both metallicity values (Olszewski et al. 1991) and
ages from CMDs as determined in this paper. As a reference, the LMC bar is schematically indicated.
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